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1. Introduction
Leaf area index (LAI) is a key variable used in many bio-
geophysical and chemical exchange models focusing on
carbon and water fluxes (Sellers et al., 1997; Calvet et al.,
1998; Wang and Leuning, 1998) and therefore required by a
broad scientific community (Morisette et al., 2006). Numerous
approaches of destructive and non-destructive LAI measure-
ments have been developed (see reviews methods in Ross,
1981; Gower et al., 1999; Kussner and Mosandl, 2000;
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a b s t r a c t
Among many indirect approaches to retrieve effective leaf area index (LAI), hemispherical
photography is now widely used by the scientific community in forestry applications. A
recent software (CAN_EYE) is used to estimate effective and true LAI fromunidirectional gap
fractionsmeasured in crops. The effective LAI is computedwith the Poisson lawwhereas the
true LAI is estimated introducing a clumping index in the Poisson law. The clumping index
estimation is based on the Lang and Xiang averaging method. CAN_EYE includes an
automatic image classification and allows the processing of series of photographs which
is mandatory to sample the spatial variability of the canopy. The objective of this study is to
determine if the use of the clumping index in the gap fraction formulation improves
seasonal LAI estimates of crops. Hemispherical photographs were taken throughout two
growing seasons over wheat, sunflower and maize canopies. CAN_EYE LAI estimates were
then compared to destructive LAI. The conditions under which photographs were acquired
and processed are discussed. For the three crops studied here, the minimum distance
required between camera and canopy is 1 m. When feasible, there is a clear advantage in
acquiring the images from above canopies and on overcast days to facilitate the image
classification. For wheat and sunflower, the best LAI estimates are assessed with effective
LAI (RMSE of 0.15, y = 0.9540x for wheat and RMSE of 0.38, y = 0.8427x for sunflower). For
maize, the best LAI estimates are obtained using the clumping index (RMSE of 0.39 and
y = 0.9010x). Despite good fits between CAN_EYE and destructive LAI estimates, compensa-
tion effects between leaf area index and leaf angle distribution may occur during the
inversion procedure. Moreover, values of clumping index given by CAN_EYE are in certain
cases correlated with the size of the cells used to divide photographs. The Lang and Xiang
averaging method introduced into CAN-EYE should be improved.
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Jonckheere et al., 2004; Weiss et al., 2004). Non-destructive
methods that generally use optical sensors are fast to apply
and allow the sampling of large areas. Sensors such as LAI-
2000 PCA (LI-COR Inc., Nebraska; Welles, 1990) or TRAC (3rd
Wave Engineering, Ontario, Canada; Leblanc et al., 2002)
estimate LAI from light transmittancemeasurements. Others,
such as MVI (Multiband Vegetation Imager; Kucharik et al.,
1997) or hemispherical photographs (Rich, 1990; Frazer et al.,
2001a), provide canopy gap fraction from image analysis.
Digital hemispherical photography is now a very widely used
technique (Levy and Jarvis, 1999; Muusche et al., 2001; Frazer
et al., 2001b; Jonckheere et al., 2004, 2005; Macfarlane et al.,
2007) and a suite of software for processing digital hemi-
spherical photographs are now available:Winscanopy (Regent
Instruments, Quebec, Canada), GLA (Forest Renewal BC, Frazer
et al., 1999), CIMES (Walter, 1989–2005), CAN_EYE (http://
www.avignon.inra.fr/can_eye) or Hemiview (Delta-T Device).
Most of the scientific studies concerning indirect LAI estima-
tion from hemispherical digital photography use methods
based on the determination of an optimal threshold (Hemi-
view, GLA, Winscanopy). Moreover, most of these studies
focussed on forest canopies. Despite the performance of new
algorithms applied on images to provide automatic classifica-
tion and optimize LAI estimation, Jonckheere et al. (2005)
conclude that new and more complex algorithms might be
tested.
The model commonly used with indirect methods to
determine the LAI is the Poisson law. It assumes that leaves
are uniformly and randomly distributed, which may be valid
for homogeneous canopies (Levy and Jarvis, 1999) but does not
hold for canopies with aggregative patterns (Nilson, 1971;
Lemeur and Blad, 1974; Baldocchi and Collineau, 1994). For
such canopies (crops, forest plantations), models based on
negative binomial probability functions or on the theory of
Markov have been developed (Nilson, 1971; Lemeur and Blad,
1974; Chen and Black, 1992). To allow the use of the Poisson
law, the concept of effective LAI is proposed (Chen and Black,
1991; Chen and Cihlar, 1995a; Chen, 1996) which corresponds
to the product of a clumping index (l(u)) with the ‘‘true’’ LAI
estimate.
In that context, the recently developed CAN_EYE software
is very interesting because it provides not only the effective
LAI, but also several estimates of the true LAI. Moreover, pixels
are classified interactively in the red/green/blue (RGB) color
space that differs from the simple threshold procedure applied
on an index or a color (generally the blue). It allows an easier
processing of photographs taken from above the canopy, as
used for the low canopies (herbaceous or shrubs). In addition,
it can be applied to a series of photographs specifically
designed to sample the spatial variability of the canopy.
The objective of our study is to determine if the use of a
clumping index in the Poisson law is pertinent and if it
improves LAI estimates for crops. Effective and true LAI
estimated with CAN_EYE are compared with destructive
measurements achieved in wheat, maize and sunflower
canopies. Measurements were carried out during two growing
seasons to capture the seasonal dynamics of the LAI. In
addition, the conditions under which photographs were
acquired and processed are discussed.
2. Material and methods
2.1. Study site
The study site is located in the South-West of Toulouse, France
(438300200N, 181401800E). LAI measurements were carried out in
2004 and 2005 over two summer crops (maize and sunflower)
and in 2005 over one winter crop (wheat) (Table 1). Canopies
were relatively homogeneous as cropswere located on flat soil
with uniform soil properties and fertilization practices. This
allowed us to get comparable LAI values between destructive
and photographic methods as their spatial sampling are quite
different.
2.2. Destructive LAI measurements
Destructive LAI (Ldest) was measured during the growing
season until maximum canopy development while plants are
still green. This maximum matched with the grain filling for
wheat, and flowering for maize both in 2004 and 2005. For
sunflower, it matched with the seed filling in 2004 and
flowering in 2005. As both green stems and leaves are
accounted for, the term LAI used in this study corresponds
to the green plant area index PAI (Neumann et al., 1989). For
wheat (all dates) and for the first dates for maize and
sunflower crops, the areas of leaves and young stems were
measured with a planimeter (LI-COR 3100; Lincoln Inc.,
Nebraska). At the two last dates for maize and sunflower,
when stems were too large to use planimeter, their developed
hemi-surfaces were estimated by measuring the stem height
and diameter at half height, assuming that stems were
cylinders.
For maize and sunflower, for each date, 15 plants were
collected every 10 m along 150 m transects to assess themean
area per individual plant. Transects were located in the centre
of the field to avoid border effects. Stand destructive PAI (Ldest)
was assessed bymultiplying themean individual plant area by
the plant density (plants/ha). For wheat crops, eight plots of
0.5 m  0.5 m were harvested along transects. For each plot, a
Table 1 – Main characteristics of the studied crops in 2004 and 2005
Density (plants/m2) Inter-row distance (m) Cultivar
Maize 2004 7.3 0.8 N43
Maize 2005 8.0 0.8 Y15
Sunflower 2004 6.1 0.8 Melody
Sunflower 2005 7.3 0.8 Melody
Wheat 2005 173 0.2 Apache
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sub-sample (1/4 of the total sample) was scanned, dried out at
65 8C for 24 h and weighed. The remaining 3/4 were similarly
dried out and weighed. The plant area was computed by
multiplying the dry specific plant area (m2/g) measured on the
sub-sample by the plant mass measured over the whole
sample.
2.3. Indirect LAI estimates
2.3.1. CAN_EYE software
The CAN_EYE software computes both the effective LAI
and several estimates of the true LAI by adjusting a
clumping index (Weiss et al., 2004) based on the Lang and
Xiang (1986) averaging method. The main outputs of the
software are the clumping index (l(u)), the effective (Leff) and
Lang and Xiang (LLX) LAI estimated from the unidirectional
gap fraction, and the effective (Leff(57.58)) and Lang and
Xiang (LLX(57.58)) LAI estimated from the gap fraction at a
57.58 zenith angle.
CAN_EYE processes a series of N photographs at ounce,
which speeds up the processing time considerably. The gap
fraction is calculated from the RGB images through a
supervised classification. The original 16,777,216 colors are
reduced to 327using anautomatic classification (Spath, 1985).
Contrary to software schemes based on threshold methods
which are mainly designed to process upward looking
photographs under forests, color schemes exploit downward
looking photographs taken over low canopies. CAN_EYE
offers several classification options: one can choose to
classify the gap pixels only (option 1: non-selected pixels
are considered as vegetation), the vegetation pixels only
(option 2: non-selected pixels are considered as gaps), both
thegaps andvegetationpixels (option 3) or else considermore
than two classes in order to distinguish flowers, fruits, stems
or senescent vegetation for example (option 4). A default
classification based on predefined color segmentation is then
proposed. However, the classification can be interactively
and iteratively refined if judged necessary. When at least two
classes are considered (options 3 and 4), CAN_EYE manages
mixed pixels: non-selected pixels are assumed to be mixed
pixels and they are then automatically classified in one or
the other class depending on the location of the pixel in the
color space.
Additionally, CAN_EYE uses a tool to mask areas to
eliminate parts of the photographs contaminated by undesir-
able objects (feet of the photographer, sun glint, etc.) which are
often present when acquiring downward images.
The version 4.0 of CAN_EYE was used for this work.
2.4. Effective LAI estimation
Hemispherical photographs are divided into angular sectors
with respective zenith (Du) and azimuth angular (Dw) resolu-
tions defined by the user. After tests showing the little
sensitivity of Leff to the [D,Dw] parameters, default values were
finally kept (Du = 2.58 and Dw = 58). After the classification
process, the gap fraction Po,CAN_EYE(u) is computed for each
zenithal ring u by averaging over theN photographs and the 72
azimuth sectors excluding masked pixels. Masked areas are
accounted for by weighting the Po,CAN_EYE(u) values of each
sector by the ratio of unmasked pixels to the total number of
pixels.
Leff is computed from the gap fraction Po,CAN_EYE(u) follow-
ing the Poisson law (Monsi and Saeki, 1953; Welles and





where u and w are respectively the zenith and azimuth angles
of the direction of propagation of the incident beam, Leff refers
to effective LAI, G(u,w) is themean projection of a leaf area unit
in a plane perpendicular to direction (u,w) which is directly
dependent of the leaf angle distribution (LAD). LAD is assumed
to be uniform in azimuth and following an ellipsoidal distri-
bution for the inclination (Campbell, 1986, 1990; Wang and
Jarvis, 1988). It is thus fully characterized with the average leaf
angle (ALA) only. Two variables are therefore needed to
describe canopy architecture under these assumptions: the
effective LAI (Leff) and effective ALA (uleaf,eff).
A look-up-table (LUT) is used to estimate Leff and uleaf,eff
from the measured zenithal variation of the gap fraction
(Weiss et al., 2004) as an alternative to the Miller’s formula
(Miller, 1967). The LUT is built by combining Leff values
between 08 and 108 (by 0.018 steps), and uleaf,eff values between
108 and 808 (by 28 steps). A cost function J (Eq. (2)), representing
the distance between measured and simulated gap fractions
values, is evaluated over the 36,036 [Leff, uleaf,eff] pairs:
J ¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
u
Po;LUTðui; Leff ; uleaf;effÞ  Po;CAN EYEðuiÞ
sPo;CAN EYE
 !2




where Po,CAN_EYE(ui) is the measured gap fraction derived from
CAN_EYE, Po,LUT(ui, Leff, uleaf,eff) is the gap fraction stored in the
LUT and rPo,CAN_EYE is the standard deviation of the CAN_EYE
measured gap fraction. The second term on the right-hand
side of Eq. (2) imposes constraints on the retrieved uleaf,eff
values and regularizes the sometimes ill-posed nature of this
inverse problem (Combal et al., 2002). The solution is the value
of [Leff, uleaf,eff] that minimizes the cost function J.
Effective leaf area index calculated at the 57.58 zenith angle





where Po,CAN_EYE(57.58) is computed within 56–598 zenith
angles.
For this particular direction, G(u,w) (Eq. (1)) is almost
independent of leaf inclination (Warren-Wilson, 1963) sim-
plifying the LAI retrieval process.
2.5. LAI estimates accounting for leaf clumping
LLX refers to the LAI calculated using the Lang and Xiang (1986)
method of averaging gap fractions. This approach assumes
that vegetation elements are locally randomly distributed.
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Each zenithal ring is divided into cells of 2.58 in zenith and 48 in
azimuth. The gap fraction Po,cell(u) is computed for each cell
following the modified Poisson law (Eq. (4)):
Po;cellðuÞ ¼
exp ðlLXðu; uleaf;effÞLLXGðu;’; uleaf;LXÞ
cos u
(4)
Po,cell(u) is averaged over azimuth and photographs for each
zenithal ring. The averaging takes into account the masked





Note that since Po,cell(u) depends on uleaf,eff, the clumping
index is computed for the whole range of variation of uleaf,eff.
Then the same algorithm, as described previously for Leff, is
applied. A LUT is built using the modified Poisson law (Eq. (4))
to provide LLX, uleaf,LX as well as the corresponding clumping
index lLX(u,uleaf,eff).
For cells completely obstructed by vegetation with no gaps
(Po = 0, which theoretically leads to LAI =1), Po is assumed to
be equal to Po,sat derived from Eq. (1) with uleaf,eff and a
prescribed Lsat value (=10).
2.6. Photography
Hemispherical photographs were taken in jpeg format at the
highest possible resolution (2272  1704 pixels) with a Nikon
CoolPix 4500 equipped with the FC-E8 fisheye lens (focal
length  0.21). The camera was calibrated using the method
described in http://www.avignon.inra.fr/can_eye to compute
the optical centre of the ‘‘camera–fisheye lens’’ system.
Photographs were taken every 10 m along transects before
destructive measurements. A total of 14 photographs were
taken per transect in order to get a reliable measurement of
the gap fraction (Weiss et al., 2004).
The camera was maintained in an approximately hori-
zontal position (38 estimated from the location of the horizon
in the image over flat terrains). Sensitivity analysis demon-
strated that the process can tolerate some degree of
inaccuracy in leveling the camera in estimating LAI (108
uncertainty in camera level, see results on http://www.a-
vignon.inra.fr/can_eye). The camera was set to automatic
exposure to prevent saturation unlike the advice of Zhang
et al. (2005). Zhang et al. (2005) focused on upward oriented
black and white images and simple grey level threshold while
CAN_EYE treats colored images possibly taken from above the
canopy. In that case, automatic exposure provided visually
Table 2 – From the left to right columns: type of crops, dates of destructive and photographic measurements, phenological
stages (LD: leaf development; II: inflorescence initialisation; FL: flowering; GF: grain filling; SF: seed filling), canopy heights
(H), destructive LAI (Ldest), CAN_EYE effective LAI (Leff) estimated from the directional and 57.58 gap fractions, CAN_EYE LAI
estimated using the Lang and Xiang method (LLX) from the directional and 57.58 gap fractions, camera orientation (down:
downward; up: upward) and illumination conditions during the photographic acquisitions (Sky)
Dates Pheno. H (m) Ldest Leff (Leff(57.58)) LLX(LLX(57.58)) Config. Sky
Wheat 2005
21 January 2005 LD 0.07 0.11 0.20(0.18) 0.19(0.18) Down Overcast
09 February 2005 LD 0.07 0.19 0.10(0.13) 0.15(0.14) Down Overcast
04 March 2005 LD 0.1 0.27 0.30(0.32) 0.33(0.33) Down Overcast
01 April 2005 LD 0.17 1.03 1.00(0.94) 1.01(0.98) Down Sunny
14 April 2005 LD 0.30 2.63 2.60(2.22) 3.03(2.94) Down Sunny
04 May 2005 II 0.55 3.36 3.00(2.73) 3.25(2.99) Down Overcast
11 May 2005 GF 0.66 3.43 3.40(3.29) 4.18(4.21) Up/down Overcast
Maize 2004
24 June 2004 LD 0.50 0.45 0.40(0.38) 0.6(0.71) Down Overcast
06 July 2004 LD 1.00 1.98 0.90(0.91) 1.37(1.74) Up/down Overcast
22 July 2004 LD 1.80 3.77 2.50(2.44) 3.30(3.9) Up Sunny
03 August 2005 FL 2.00 3.84 2.90(2.75) 3.46(4.14) Up Sunny
Maize 2005
07 June 2005 LD 0.50 0.95 0.70(0.70) 0.82(1.19) Down Overcast
22 June 2005 LD 0.50 3.19 2.30(2.25) 3.25(3.68) Up Sunny
05 July 2005 FL 1.96 5.06 3.40(3.43) 4.55(4.81) Up Sunny
Sunflower 2004
27 May 2004 LD 0.17 0.34 0.30(0.24) 0.85(0.4) Down Overcast
16 June 2004 II 0.71 1.20 0.50(0.51) 0.69(0.92) Down Overcast
08 July 2004 FL 1.00 1.39 0.90(0.95) 1.73(2.03) Up Cloudy
22 July 2004 SF 1.00 1.22 0.90(0.97) 2.09(2.12) Up Sunny
Sunflower 2005
25 May 2005 LD 0.49 0.85 0.80(0.72) 1.72(1.52) Down Sunny
07 June 2005 LD 1.00 2.80 2.70(2.20) 4.04(3.54) Up/down Sunny
22 June 2005 FL 1.47 2.92 2.50(2.52) 3.97(3.78) Up Sunny
At the end of the growing season, stems contributed to about 12% of PAI in sunflower and maize, and 22% in wheat.
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Fig. 1 – Examples of CAN_EYE classifications of images in wheat on 4 March 2005 (a and b) and maize on 7 July 2005 (c and d)
at (a and c) 0.40 m and (b and d) 1 m canopy to sensor distances. Black areas on the classifications correspond to masked
area (feet of photographer). Photographs taken at the largest distance (1 m) from canopies cover wider area of the field
(higher number of rows).
Fig. 2 – Gap fractions (Po(u)) vs. zenith angle (8) measured in wheat (a and b) and maize (c and d) canopies with photographs
taken at 0.40 m (a and c) and 1 m (b and d). Differences observed in Po(u) do not automatically induce differences of effective
LAI estimates such as in maize.
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good quality photographs allowing easy and accurate pixel
classification.
For low canopies (less than 0.6 m high) with small leaves,
the camera was oriented downwards. The distance between
the objective and the top canopywas set to 1 m to avoid having
individual leaves too close from the sensor. However, to assess
the effect of the camera to canopy distance on LAI determina-
tion, two distances were tested: 0.40 and 1 m. For tall canopies
(>1 m) with larger leaves, the camera was placed at ground
level looking upward. In that case, care was taken not to
modify the canopy structure when positioning the camera on
the ground. For intermediate canopy heights (between 0.6 and
1 m height), both upwards and downwards images are usually
feasible without being too close from the leaves. That is why
both downward and upward looking photographs were taken
at a few dates (Table 2) in order to investigate the effect of
Fig. 3 – Gap fractions (Po(u)) vs. zenith angle (8) measured in wheat (11 May 2005), maize (6 July 2004) and sunflower (7 June
2005) canopies with (a, c and e) upward and (b, d and f) downward photographs.
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these two configurations of acquisition on the gap fraction
estimates.
In all series of photographs, the processing was restricted
to view zenith angles smaller than 608 in view of limiting the
proportion of mixed pixels.
Finally, for each crop and for both upward and downward
looking photographs, two classification methods were tested
which consist in either classifying soil only or vegetation only.
In upward looking photographs both classifications lead to
very similar gap fractions and LAI estimates. In downward
looking photographs, classifying leaves only (option 2) leads to
more precise classifications. Indeed,when classifying soil only
(option 1), shadowed parts were automatically classified as
leaves leading to underestimates of gap fractions. Thus leaves
classification (option 2) was adopted in downwards photo-
graphs while sky classification (option 1) was adopted in
upwards photographs.
3. Results and discussion
The constraints and opportunities offered by the protocol of
photographic acquisition for gap fraction estimation and
effective LAI retrieval (Leff) are first presented and analyzed.
Then, the different CAN_EYE LAI estimates are comparedwith
destructive LAI values.
3.1. Spatial sampling: canopy to camera distance
Series of downward looking photographs were acquired over
wheat (4 March 2005) and maize (7 June 2005) canopies for
short (0.40 m) and large (1 m) distance from canopy (Fig. 1).
For wheat, differences are observed on measured and
modelled Po(u) (Fig. 2a and b). For images taken at 1 m above
the canopy, the decrease of the gap fractionwith u is lesser due
to a larger soil contribution in relation to a larger spatial
representativeness. This leads to a discrepancy between Leff
values of 0.4 at 0.4 m distance and 0.3 at 1 m distance.
Formaize, despite differences observed of themeasured gap
fractionwithangularvariations (Fig. 2candd), theLeff valuesare
similar (Leff = 0.70) due to very close modelled gap fractions.
However,Po(u)measured from1mabovecanopyshouldprovide
better LAI estimate because of a wider spatial sampling (Fig. 1).
We can finally notice that even with a 1 m distance, angular
variations due to row effects are strong (Fig. 2d).
3.2. Upward or downward looking photographs
Upward and downward looking photographs were simulta-
neously acquired over wheat (11 May 2005), maize (6 July 2004)
and sunflower (7 June 2005) canopies. Canopy heights were
0.66 m for wheat and 1 m for maize and sunflower (Fig. 3). In
downwards configurations the camera to canopy distancewas
set to 1 m, as specified previously in the methodology section.
For maize and wheat, the upward looking Po(u) values
(Fig. 3a and c) are greater than those measured in the
downward looking configuration (Fig. 3b and d). In fact, in
the upward configuration, the spatial sampling is narrower
and highlights the inter-rows contribution, increasing the gap
(sky) fraction. However, in both cases, quite similar Leff values
are obtained despite differences observed in the measured
Po(u), because of the compensations between Leff and G(u,w,u-
leaf,eff) during the inversion procedure. Indeed, for wheat,
uleaf,eff is 808 with upwards photographs and 748 with down-
wards ones. For maize, uleaf,eff is 788 with upwards photo-
graphs and 588 with downwards ones. As downwards
photographs cover larger field of views (Fig. 1) and are thus
more spatially representative than upwards ones, they are
expected to providemore accurate Po(u) measurements even if
our results show no differences in Leff.
For sunflower, the gap fraction measured from the upward
configuration is inferior to the downward one (Fig. 3e and f)
leading to Leff values of 2.7 and 1.7, respectively. The
downwards photographs were taken on a sunny day inducing
strong shadow effects that render the image classification
tricky: some of the pixels occupied by shaded leaves were
classified as soil, leading to an underestimation of the
measured gap fraction.
These results highlight the importance of both camera
orientation and illumination condition on the gap fraction
measurements and thus on LAI estimates. Downward con-
figuration allows in theory a wider spatial representativeness
but can also lead to poor gap fraction estimates under sunny
illumination conditions. When feasible, both downward
looking and overcast condition should be privileged.
3.3. Comparison between destructive and CAN_EYE
LAI estimates
3.3.1. Leff derived from the directional variation of Po(u)
Leff and Ldest for all crops over the 2 years (Table 2 and Fig. 4) are
strongly correlated (root mean square error, RMSE = 0.63 and
correlation coefficient, r = 0.95). However there is a systematic
skew (y = 0.7810x, Fig. 4) that leads to the well-known LAI
underestimation with Leff in clumped canopies. The highest
Fig. 4 – Plot of effective (Leff) vs. destructive (Ldest) LAI
estimates for the three crops in 2004 and 2005. The overall
root mean square error (RMSE) and correlation coefficient
(r) are given. The overall regression line and the regression
lines for each crop are drawn.
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value of the skew is encountered in maize (y = 0.6842x,
RMSE = 1.02, Fig. 4) and the lowest in wheat (y = 0.9540x,
RMSE = 0.15, Fig. 4). Intermediate value is assessed in sun-
flower (y = 0.8427x, RMSE = 0.38, Fig. 4). However, differences
exist between crops and stages of canopy development.
For sunflower, differences exist between the 2 years.
Indeed, the skew is particularly strong in 2004 with LAI
underestimated by about 40% (y = 0.6135x), whereas it is only
underestimated by about 10% in 2005 (y = 0.9094x). In 2004,
contrary to other crops, sunflower was affected by a drought
explaining the lowvalues of LAI (maximumLAI of 1.4). Thus, in
2004, the sunflower canopy remained open till the maximum
canopy development.
For wheat, there is a good agreement between Leff and Ldest
estimates except for the twofirst dates of canopydevelopment
(21 January and 9 February, LAI < 0.2) where the differences
between Leff and Ldest exceed 50%.
For maize, the skew is quite similar both in 2004 and 2005
(y = 0.6808x and y = 0.6871x, respectively).
The gap fraction variations with zenith angle for wheat,
maize and sunflower are further investigated and analyzed
both in 2004 and 2005 (Fig. 5). For the three first dates of
wheat (21 January, 9 February, 4 March), Po does not
decrease with u, explaining the poor LAI prediction at the
beginning of the growing season. From April to May, Po
decreases monotonically with u in agreement with the
Poisson law. The same applies for maize at the latest
development stages (6 and 22 July and 3 August in 2004 and
22 June and 5 July in 2005). The use of a modified Poisson law
is then expected to correct the effective LAI underestima-
tion observed on maize. On the contrary, at the first stage
for maize (4 June in 2004 and 7 June in 2005) and at all dates
for sunflower, Po(u) does not decrease monotonically with u
due to row effects.
Fig. 5 – Variations of the gap fraction with zenith angle measured in wheat, maize and sunflower in 2004 and 2005.
The exponential variation with zenith angle modelled by the Poisson law is only observed for matures stands of wheat
(from 14 April to May) and maize (July and August 2004; 22 June and July 2005).
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3.4. Accounting for leaf clumping
The use of themodified Poisson law seems to improve globally
LAI estimates (overall RMSE = 0.56 and y = 1.0364x instead of
0.63 and y = 0.781x with Leff, Fig. 6). However, differences are
observed between crops. For maize, the use of the clumping
index decreases the underestimation observed with Leff from
32% (y = 0.6842x, RMSE = 1.02) to 10% (y = 0.9014x, RMSE = 0.39).
This result was expected at the latest stages of canopy
development as Po monotonically decreased with u (Fig. 5).
The use of the modified Poisson law gives also better LAI
estimatesat thefirst stageofcanopydevelopment in7 June2005
(Table 2), in spite of the discontinuous variations of Po with
zenith angles due to row effects (Fig. 5).
For wheat and sunflower, LAI estimates are not globally
improved by the use of the modified Poisson law (RMSE = 0.33
instead of 0.15 in wheat and 0.83 instead of 0.38 in sunflower)
except for few dates corresponding to the first stages of canopy
development. Indeed, in sunflower, LAI estimates are improved
on 16 June and 8 July 2004 even if mean relative differences
between Ldest and Leff remain still high (42% and 25%,
respectively, Table 2). The same occur for wheat on February
(9th) (Table 2). At the other dates, the use of a clumping index
leads to a large overestimation of the LAI (y = 1.1039x for wheat
and y = 1.3796x for sunflower, Fig. 6) that may reach 100% for
sunflower (25May 2005). Forwheat, at thefirst date (21 January),
the Lang and Xiang LAI estimates (LLX) is surprisingly inferior to
Leff. This result may reveal that the limit of validity of the
inversion procedure is reached because of too low LAI values.
3.5. Analysis of validity of lLX and uleaf,eff estimates
for maize canopy
As the modified Poisson law improves significantly LAI
estimates for maize, the seasonal changes of lLX, uleaf,eff and
Fig. 6 – Plot of Lang and Xiang (LLX) vs. destructive (Ldest) LAI
estimates for the three crops in 2004 and 2005. The overall
root mean square error (RMSE) and correlation coefficient
(r) are given. The overall regression line and the regression
lines for each crop are drawn.
Fig. 7 – Seasonal variation of the clumping index estimated by CAN_EYE on maize in (a) 2004 and (b) 2005 for three zenith
angles (08, 308 and 57.58).
Fig. 8 – Seasonal variation of effective (uleaf,eff) and Lang and Xiang (uleaf,LX) average leaf angle (ALA) estimated by CAN_EYE on
maize in (a) 2004 and (b) 2005.
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uleaf,LX estimated in 2004 and 2005, were further analyzed
(Figs. 7 and 8). As expected, lLX (Fig. 7) increaseswith u but does
not increase during the growing season as could be expected
from the canopy closure. uleaf,eff (ALA) remains quite constant
during the season around 608 during the 2 years (Fig. 8),
matching with the spherical distribution measured by Espan˜a
et al. (1999). On the contrary, uleaf,LX is very variable in 2004
(Fig. 8a) and increases progressively from 108 to 308 in 2005
(Fig. 8b). In a robust procedure inversion, the uleaf,LX and uleaf,eff
values should be identical. Large discrepancies between uleaf,LX
and uleaf,eff suggest that some compensation between G(u,uleaf,
LX) and LLX occurs during the inversion process. The analysis of
the cost function J (Eq. (2)) computed for maize on 7 June 2005
(Fig. 9), in which Po(u) does not decrease monotonically with u
but LAI estimates is finally improved, corroborates this
assumption. Indeed, the minimum RMSE value is obtained
for the smallest uleaf,LX value (108) in the LUT (Fig. 9), suggesting
a planophil leaf distribution that is in disagreement with field
observations (Antunes et al., 2001; Espan˜a et al., 1999).
The application into CAN_EYE of the Lang and Xiang
method is thus investigated. As written previously, the lLX
(Eq. (5)) is computed for a cell size of 2.58 by 48. To apply the
Lang and Xiang method, the size of the cells must verify two
criteria: it should be large enough so that the statistics of the
gap fraction are meaningful, and small enough for the
assumption of randomness of leaf distribution within cell to
hold. The sensitivity of LLX estimates to cell size is investigated
at two dates (22 June and 5 July 2005). CAN-EYE LAI and uleaf,LX
estimates vary according to the size of the cells (Table 3). The
best LAI estimates are obtained with the larger cell size
(10  168) (see Table 2 for Ldest values). Further work should
obviously be dedicated to optimize the size of the local
averaging cells used into CAN_EYE.
3.6. LAI estimation from Po(57.58)
Effective LAI values derived from Po(57.58) (Fig. 10, RMSE = 0.68,
y = 0.7451x, r = 0.97) show relatively similar performances
compared to effective LAI values derived from Po(u) (Fig. 4,
RMSE = 0.63, y = 0.781x, r = 0.95). Theunderestimation observed
in LAI computed from directional gap fraction still remains.
Lang and Xiang LAI values (LLX(57.58)) derived from Po(57.58)
lead to the best RMSE value of 0.46 but to an overestimation
(y = 1.0881x, Fig. 10) superior to that obtainedwith LLX estimates
(y = 1.038x, RMSE = 0.56, Fig. 6). However, using Po(57.58)
simplifies LAI estimation drastically because the retrieval of
LAI is independent from the leaf angle distribution. The results
are encouraging and this option could be further investigated.
4. Conclusion
Hemispherical photographs provide very pertinent informa-
tion on canopy structure. Measurements are easy and fast to
Fig. 9 – Results of CAN_EYE processing carried out on maize
on 7 June 2005. The root mean square errors (RMSE)
(continuous line) between modelled (modified Poisson
law) and measured gap fractions are plotted as a function
of Lang and Xiang average leaf inclination angle (uleaf,LX).
The Lang and Xiang leaf area index estimations (LLX,
dashed line) are also reported.
Table 3 – CAN-EYE leaf area index (LLX) and average leaf
angle (uleaf,LX) estimated on maize from the modified
Poisson law for different cell sizes
Cells size
2.58  48 58  88 108  168
LLX uleaf,LX (8) LLX uleaf,LX (8) LLX uleaf,LX (8)
Maize 2005
22 June 2.94 22 3.45 42 3.35 48
5 July 4.74 42 5.21 48 5.06 56
Fig. 10 – Plot of effective (Leff(57.58)) and Lang and Xiang
(LLX(57.58)) LAI estimated from gap fractions at 57.58 vs.
destructive LAI (Ldest) for the three crops in 2004 and 2005.
The overall root mean square errors (RMSE) and
correlation coefficients (r) are given. The overall regression
line is drawn.
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perform, and the processing of series of photographs is now
possible and efficient with software such as CAN_EYE.
However several aspects have to be considered with great
care to get the best possible measurements of the gap fraction
and the associated estimates of LAI. First, gap fraction
measurements need to be representative of the canopy. For
the crops studied here, the minimum distance required
between sensor and canopywas 1 m.Moreover,when feasible,
there is a clear advantage in acquiring the photographs from
above canopies and under overcast days to facilitate the
classification. Indeed, exploitation of downward looking
photographs taken under sunny days or upward looking
photographs taken on low canopies (<1 m) may lead to
uncertainties in gap fraction measurements not quantified in
this paper. Replication of data is needed to evaluate system-
atically errors in LAI estimates associated with the acquisition
conditions for the photographs (canopy to sensor distance,
downward/upward looking, sky conditions, view restriction,
etc.).
In this study, several methods of LAI estimation are
compared and differences appear between crops. For wheat
and sunflower, on almost all dates, the use of a clumping
index leads to systematic LAI overestimation (y = 1.1039x
and RMSE = 0.33 for wheat; y = 1.3796x and RMSE = 0.83 for
sunflower). The Leff computed from the unidirectional gap
fraction provides the best LAI estimates (y = 0.9540x and
RMSE = 0.15 for wheat; y = 0.8427x and RMSE = 0.38 for
sunflower). For maize, the use of the clumping index leads
to the best LAI estimates (y = 0.9010x and RMSE = 0.39).
Analysis of LAI retrieval on wheat at first stage of canopy
development, reveals that at very low LAI values (LAI < 0.2),
the LLX values were less than to Leff values suggesting that
the limit of validity of the inversion procedure may have
been reached.
However, even when the LAI estimates seem acceptable as
for maize, compensation between leaf area index and leaf
angle distribution may occur as already observed by Macfar-
lane et al. (2007). Moreover, our results reveal that LLX
estimates are correlatedwith the size of cells used to compute
the clumping index, suggesting that the Lang and Xiang
averaging method introduced into CAN-EYE must be opti-
mized. Leblanc et al. (2005) andMacfarlane et al. (2007) showed
that the clumping index – and then the LAI – was better
retrieved for coniferous and eucalypt forests respectively
when combining the gap size distribution and the Lang and
Xiang averaging methods (Chen and Cihlar, 1995b; Leblanc
et al., 2002). This approach could be implemented into
CAN_EYE and tested on our data.
Finally, the method using gap fraction measured at 57.58
provides also good fits between CAN_EYE and destructive LAI
estimates. This is encouraging because the retrieval of
effective LAI in that case is independent of the leaf angle
distribution. This approach could be further investigated with
photographs taken at this angle rather than just extracting the
corresponding ring fromhemispherical photographs. Thiswill
provide a far better spatial resolution leading to a much lower
number of mixed pixels, although the smaller footprint has to
be compensated by takingmore images. In the latest CAN_EYE
version, it is now possible to process panoramic images
acquired with the camera oriented at 57.58.
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